16 17 *Corresponding authors: Dr. Matthew Stott (matthew.stott@canterbury.ac.nz; +64 18 (0)3 369 2511) and Prof. Craig Cary (caryc@waikato.ac.nz; +64 (0)7 838 4593) 19 20 21 22 Geothermal springs are model ecosystems to systematically investigate 23 microbial biogeography as they i) represent discrete, homogenous habitats; ii) 24 are abundantly distributed across multiple geographical scales; iii) span broad 25 geochemical gradients; and iv) have simple community structures with 26 reduced metazoan interactions. Taking advantage of these traits, we 27 undertook the largest known consolidated study of geothermal ecosystems 28 (http://1000springs.org.nz) to determine factors that influence biogeographical 29 patterns. Rigorously standardised methodologies were used to measure 30 microbial communities, 46 physicochemical parameters, and metadata from 31 1,019 hotspring samples across New Zealand. pH was found to be the primary 32 influence on diversity in springs < 70 °C with community similarity decreasing 33 with geographic distance. Surprisingly, community composition was 34 dominated by two genera (Venenivibrio and Acidithiobacillus) in both average 35 2 relative abundance (11.2 and 11.1 %) and prevalence (74.2 and 62.9 % 36 respectively) across physicochemical spectrums of 13.9 -100.6 °C and pH < 1 37 -9.7. This study provides an unprecedented insight into the ecological 38 conditions that drive community assembly in geothermal springs, and can be 39 used as a foundation to improve the characterisation of global microbial 40 biogeographical processes. 41 42 Microbial biogeography identifies patterns of diversity across defined spatial or 43 temporal scales in an attempt to describe the factors which influence these 44 distributions. The pervasive view that microorganisms are dispersed ubiquitously and 45 therefore do not adhere to classical biogeographical patterns has been historically 46 presumed 1 . Recent studies, however, have contradicted this paradigm and shown 47 that microbial community diversity is shaped across time and space 2,3 via a 48 combination of environmental selection, stochastic drift, diversification and dispersal 49 limitation 4,5 . The relative impact of these ecological drivers on diversity is the subject 50 of ongoing debate, with differential findings reported across terrestrial, marine and 51 human ecosystems 6-12 . 52 53 Geothermally-heated springs are ideal systems to investigate microbial 54 biogeography. In comparison to terrestrial environments, geothermal springs 55 represent discrete, homogenous aquatic habitats with broad physicochemical 56 gradients distributed across proximal and distal geographic distances. The relatively 57 simple microbial community structures, typical of geothermal springs, also allow for 58 the robust identification of diversity trends. Separate studies have each alternatively 59 implicated temperature 8,13,14 , pH 15 , and seasonality 16 as the primary drivers of 60
Further, OTU richness was maximal at the geothermally-moderate temperature of 141 21.5 °C and at circumneutral pH 6.4. This is consistent with the hypothesis that 142 polyextreme habitats prohibit the growth of most microbial taxa, a trend reported in 143 both geothermal and non-geothermal environments alike 8, 12 . A comparison of linear 144 regressions of 46 individual physicochemical parameters ( Supplementary Table 1 ) 145 confirmed pH as the most significant factor influencing diversity (16.4 %, = 925, 146 < 0.001; Supplementary Fig. 3 ), while further multiple regression analysis showed It has been previously hypothesised that pH has significant influence on microbial 158 community composition because changes in proton gradients will drastically alter 159 nutrient availability, metal solubility, or organic carbon characteristics 12 . Similarly, 160 acidic pH will also reduce the number of taxa observed due to the low number that 161 can physiologically tolerate these conditions. Here, we demonstrate that pH had the 162 most significant effect on diversity across all springs measured, but due to our high 163 sampling frequency, we see this influence reduced above 70 °C (Fig. 2) . Inversely, 164 the effect of temperature on diversity was diminished in springs where pH was < 4 165 ( Supplementary Fig. 5 ). There is some evidence that suggests thermophily predates 166 acid tolerance 41,42 , thus it is possible the added stress of an extreme proton gradient 167 across cell membranes has constrained the diversification of the thermophilic 168 chemolithoautotrophic organisms common to these areas 43 . Indeed, a recent 169 6 investigation of thermoacidophily in archaea suggests hyperacidophily (growth < pH 170 3.0) may have only arisen as little as ~ 0.8 42 , thereby limiting the opportunity for 171 microbial diversification; an observation highlighted by the paucity of these 172 microorganisms in extremely acidic geothermal ecosystems 14, 42 . It is also important 173 to note that salinity has previously been suggested as an important driver of 174 microbial community diversity 44, 45 . The quantitative data in this study showed only 175 minimal influence of salinity (proxy as conductivity) on diversity (Supplementary 176 Table 1), bearing in mind that the majority of the hotspring samples in this study had 177 salinities substantially less than that of seawater. The relationship between temperature and diversity reported in this research starkly 180 contrasts a previous intercontinental study comparing microbial community diversity 181 in soil/sediments from 165 geothermal springs 8 , which showed a strong relationship 182 ( 2 = 0.40-0.44) existed. In contrast, our data across the entire suite of samples, 183 revealed temperature had no significant influence on observed community diversity 184 ( 2 = 0.002, = 0.201; Supplementary Fig. 3 , Supplementary Table 1 ). This result 185 increased marginally for archaeal-only diversity ( 2 = 0.013, = 0.0005), 186 suggesting temperature has a more profound effect on this domain than bacteria. 187 However, the primers used in this study are known to be unfavourable towards some 188 archaeal clades 46 , therefore it is likely extensive archaeal diversity remains 189 undetected in this study. The lack of influence of temperature on whole community Supplementary Fig. 5 ). However, the magnitude of this effect was, in general, far 196 less than previously reported and is likely a consequence of the sample type (e.g. 197 soil/sediments versus aqueous) and density processed 15 . Many geothermal 198 environments are recalcitrant to traditional DNA extraction protocols and research in 199 these areas has therefore focused on samples with higher biomass abundance 8,36
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(i.e. soils, sediments, streamers or biomats). Whereas aqueous samples typically 201 exhibit a more homogenous chemistry and community structure, the heterogeneity of 202 7 terrestrial samples is known to affect microbial populations (e.g. particle size, depth, 203 nutrient composition) 34, 35, 47 . Our deliberate use of aqueous samples extends the 204 results of previous small-scale work 13,32 and also permits the robust identification of 205 genuine taxa-geochemical relationships in these environments. Supplementary Table 3 ). This trend was consistent in pH-and temperature-binned 212 samples ( Supplementary Fig. 7 ; ANOSIM: | | = 0.46 and 0.18 respectively, < 213 0.001); further confirming pH, more so than temperature, accounted for observed 214 variations in beta diversity. Congruent with our finding that pH influences alpha 215 diversity at lower temperatures (< 70 °C), the effect of temperature reducing beta 216 diversity had greater significance above 80 °C ( < 0.001; Supplementary Fig. 7 ).
217
The extent of measured physicochemical properties across 925 individual habitats, 218 however, allowed us to explore the environmental impact on community structures 219 beyond just pH and temperature. Permutational multivariate analysis of variance in 220 spring community assemblages showed that pH (12.4 %) and temperature (3.9 %) 221 had the greatest contribution towards beta diversity, followed by ORP (1.4 %), 4 2−
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(0.8 %), turbidity (0.8 %) and (0.7 %) ( < 0.001; Supplementary Table 4 ).
223
Interestingly, constrained correspondence analysis of the 15 most significant, non-224 collinear and variable parameters ( Supplementary Table 4 relationships were calculated with respect to individual geothermal fields ( Fig. 4 ).
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The Rotorua geothermal field, which contains springs across the pH scale, was 336 closely associated with the highly abundant and prevalent Acidithiobacillus and Table 6 ). Interestingly, the greatest pairwise difference (y = 1) 362 between Bray-Curtis dissimilarities was also observed in springs classified as Supplementary Fig. 4 ). We propose that physical dispersal within 369 geothermal fields is therefore not limiting, but the physicochemical diversity of 370 hotsprings acts as a barrier to the colonisation of immigrating taxa. However, even 371 between some neighbouring springs with similar (95% ) geochemical signatures, 372 we did note some dissimilar communities were observed (for example, Waimangu 373 geothermal field; Fig. 3E ). These differing observations can be explained either one 374 of two ways; firstly, the defining parameter driving community structure was not one 375 of the 46 physicochemical variables measured in this study (e.g. dissolved organic 376 carbon); or secondly, through the process of dispersal, the differential viability of 377 some extremophilic taxa restricts gene flow and contributes to population genetic 378 drift within geothermal fields 63,64 . We often consider "extremophilic" microorganisms 379 living in these geothermal environments as the epitome of hardy and robust. In doing 380 so, we overlook that their proximal surroundings (i.e. immediately outside the host 381 spring) may not be conducive to growth and survival 65 There is also potential to use the two studies to compare geothermal ecosystems on 
